Increased lethality and defective pulmonary clearance of Streptococcus pneumoniae in microsomal prostaglandin E synthase-1-knockout mice. Am J Physiol Lung Cell Mol Physiol 310: L1111-L1120, 2016. First published April 8, 2016 doi:10.1152/ajplung.00220.2015.-The production of prostaglandin E2 (PGE2) increases dramatically during pneumococcal pneumonia, and this lipid mediator impairs alveolar macrophage (AM)-mediated innate immune responses. Microsomal prostaglandin E synthase-1 (mPGES-1) is a key enzyme involved in the synthesis of PGE2, and its expression is enhanced during bacterial infections. Genetic deletion of mPGES-1 in mice results in diminished PGE2 production and elevated levels of other prostaglandins after infection. Since PGE2 plays an important immunoregulatory role during bacterial pneumonia we assessed the impact of mPGES-1 deletion in the host defense against pneumococcal pneumonia in vivo and in AMs in vitro. Wild-type (WT) and mPGES-1 knockout (KO) mice were challenged with Streptococcus pneumoniae via the intratracheal route. Compared with WT animals, we observed reduced survival and increased lung and spleen bacterial burdens in mPGES-1 KO mice 24 and 48 h after S. pneumoniae infection. While we found modest differences between WT and mPGES-1 KO mice in pulmonary cytokines, AMs from mPGES-1 KO mice exhibited defective killing of ingested bacteria in vitro that was associated with diminished inducible nitric oxide synthase expression and reduced nitric oxide (NO) synthesis. Treatment of AMs from mPGES-1 KO mice with an NO donor restored bacterial killing in vitro. These results suggest that mPGES-1 plays a critical role in bacterial pneumonia and that genetic ablation of this enzyme results in diminished pulmonary host defense in vivo and in vitro. These results suggest that specific inhibition of PGE2 synthesis by targeting mPGES-1 may weaken host defense against bacterial infections.
PNEUMONIA IS THE LEADING CAUSE of death from infectious disease globally and the eighth leading cause of death in the US (30) . There are four million cases of community-acquired pneumonia in the US annually, resulting in more hospitalizations than any other condition except childbirth (30, 35) .
Streptococcus pneumoniae is the most common cause of community-acquired pneumonia, and treatment of this condition has become more difficult because of the increased resistance of S. pneumoniae to routinely prescribed antibiotics (12) . Although there have been significant improvements in medical care, mortality from bacteremic pneumococcal pneumonia has been unchanged during the past 50 years (17) . Therefore, increasing our understanding of the host response to S. pneumoniae infection is essential in devising new therapeutic strategies in the treatment of pneumococcal pneumonia.
S. pneumoniae serotype 3, a frequent cause of pneumococcal pneumonia, is a heavily encapsulated strain that induces a profound inflammatory response in the lungs of the infected host that is characterized by elevated levels of proinflammatory cytokines and lipid mediators and the recruitment of leukocytes (14, 19, 20, 34) . Among the lipid mediators known to regulate the immune response during pneumococcal pneumonia is prostaglandin E 2 (PGE 2 ), which increases dramatically after infection (14) . PGE 2 synthesis begins with the liberation of arachidonic acid (AA) by cytosolic phospholipase A 2 from tissue phospholipids in response to bacterial and viral infections of the lung as well as other proinflammatory stimuli ( Fig. 1) (11, 14, 25, 42) . AA undergoes oxygenation and peroxidation reactions that are mediated by prostaglandin H synthase enzymes 1 and 2 (also known as cyclooxygenase or COX-1 and COX-2), resulting in the formation of prostaglandin H 2 (PGH 2 ). PGH 2 does not accumulate in cells but is rapidly converted by specific terminal synthase enzymes that form the prostanoids, PGD 2 , PGE 2 , PGF 2␣ , PGI 2 (prostacyclin), and thromboxane (TXA 2 ). Microsomal prostaglandin synthase-1 (mPGES-1) is an inducible enzyme that converts PGH 2 to PGE 2 . PGI 2 and TXA 2 are unstable and are rapidly converted to 6-keto-PGF 1␣ and TXB 2 , respectively (40) .
The contribution of PGE 2 to the innate immune response during infection is complex and mediated by four distinct G protein-coupled E prostanoid receptors (EP1-EP4) (8) . Acting through EP2 and EP4, PGE 2 activates G␣ s -coupled increases in adenosine 3=,5=-cyclic monophosphate (cAMP), which generally suppress pulmonary host defense in vivo and leukocyte antibacterial functions in vitro (1, 2, 6, 26, 36, 38) . In contrast, PGE 2 -mediated EP3 receptor activation results in more complex intracellular signaling events involving G␣ i/o -protein-mediated suppression of cAMP and an influx of Ca 2ϩ (29) . Unexpectedly, EP3 receptor deletion was found to be protective against pneumococcal pneumonia in vivo, and leukocytes from EP3 knockout (KO) animals exhibit enhanced bactericidal functions (4) .
Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly used to treat PGE 2 -dependent fever and pain associated with a variety of medical conditions, including pneumonia. However, these agents inhibit biosynthesis of other COXderived prostanoids as well, and adverse effects such as myocardial infarction and excessive bleeding are attributed to inhibition of the generation of PGI 2 and TXA 2 , respectively. Since mPGES-1 is a major contributor to PGE 2 biosynthesis during inflammation, novel pharmacological agents have been developed to selectively inhibit the production of PGE 2 and thus avoid the adverse consequences of nonselective prostanoid inhibition (43) . This new generation of anti-inflammatory drugs may be a promising treatment for chronic inflammatory disorders. However, this approach may have unintended consequences for host defense against infection.
Previous reports have demonstrated that mPGES-1 KO mice were highly susceptible to Mycobacterium tuberculosis in vivo, and the lack of alveolar macrophage (AM)-derived PGE 2 enhanced M. tuberculosis replication in vitro (10) . In contrast, genetic or pharmacological ablation of mPGES-1 protected mice against infection from the influenza A virus (11) . In the later model, AM-derived PGE 2 enhanced viral replication by inhibiting type I interferon production. In the present study, we report that mPGES-1 KO mice exhibit greater susceptibility to pneumococcal pneumonia due to impaired killing of ingested bacteria and reduced nitric oxide (NO) production by AMs.
MATERIALS AND METHODS

Animals.
Mice with a targeted deletion of both alleles of the Ptges encoding mPGES-1 were generated as previously reported (23) Eightto twelve-week-old female mPGES-1 KO mice (mPGES-1 Ϫ/Ϫ ) were bred on a C57BL/6 background. Genotypes of mouse strains were confirmed by tail-snip DNA PCR analyses. Age-matched, female C57BL/6 wild-type (WT) animals (mPGES-1 ϩ/ϩ mice) were purchased from The Jackson Laboratory (Bar Harbor, ME). Animals were treated according to National Institutes of Health guidelines for the use of experimental animals with the approval of the University of Michigan Committee for the Use and Care of Animals.
Murine model of pneumococcal pneumonia. S. pneumoniae serotype 3, 6303 (American Type Culture Collection, Manassas, VA) and the D39 strain of S. pneumoniae serotype 2 were grown to mid-log phase in Todd Hewitt broth (THB) with 0.5% yeast extract (Difco, Detroit, MI), washed in PBS, and serially diluted in sterile PBS. After anesthesia with ketamine (80 mg/kg) and xylazine (10 mg/kg) delivered via an intraperitoneal injection, a midline incision was made to expose the trachea, a 30-l inoculum containing 50,000 colony forming units (CFUs) of S. pneumoniae was administered via the trachea with a 26-gauge needle, and the wound was closed with surgical glue (Vetbond, 3M, St. Paul, MN). Animals were observed for survival. In a separate group of mice, lung and spleen homogenates were prepared from mice harvested 24 h and 48 h (24 h only for D39 strain of S. pneumoniae) after infection following euthanasia with CO2 asphyxiation. Serial dilutions of tissue homogenates were plated on blood agar, and CFUs were calculated as previously described (33) .
Quantification of leukocyte counts in bronchoalveolar lavage fluid and peripheral blood. After euthanasia, lungs were removed and bronchoalveolar lavage was performed at 24 and 48 h after infection with 2 ml of lavage buffer (HEPES-buffered saline solution) as previously described (33) . Leukocytes were enumerated with a hemocytometer, spun onto glass slides with a cytocentrifuge, and stained with a modified Wright-Giemsa stain (American Scientific Products, McGaw Park, IL). The total and differential counts were determined as previously described (18) . The total number and differential counts were determined in peripheral blood obtained by cardiac puncture with a Hemavet cell analyzer (Drew Scientific) operated by the University of Michigan Unit for Laboratory Animal Medicine Animal Diagnostic Laboratory.
Quantification of cytokines and eicosanoids in lung tissue. TNF-␣, IL-6, IL-10, IL-17, and macrophage inflammatory protein 2 (MIP-2) were measured in lung homogenates by ELISA (R&D DuoSet, R&D Systems, Minneapolis, MN). ELISAs were performed by the University of Michigan Cancer Center Cellular Immunology Core. PGE2, TXB 2, and 6-keto-PGF1␣ were assessed with their respective enzyme immunoassay kits (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's instructions.
AM isolation and culture. AMs were obtained by lavage from WT and mPGES-1 KO mice as previously described (33) . Briefly, AMs were recovered by washing the lungs removed from euthanized mice ex vivo with HEPES-buffered lavage fluid. The cells were resuspended in RPMI 1640 (Invitrogen, Carlsbad, CA) at a final concentration of 1 ϫ 10 6 cells/ml; 10 5 cells were adhered to tissue culture plates for 1 h at 37°C in a 5% CO 2 incubator. After adherence, the cell culture medium was replaced with warm RPMI containing 10% fetal calf serum (FCS) (Invitrogen) and 1% penicillin-streptomycin-amphotericin B (Invitrogen). On the following day, the culture medium was removed and the AMs were washed with warmed medium to remove nonadherent cells.
Recovery of glycogen-elicited peritoneal neutrophils. Five hours after intraperitoneal injection of a 1% glycogen solution, peritoneal neutrophils (PMNs) were recovered by peritoneal lavage as described previously (28) . With this procedure, Ͼ90% of the cells recovered from mice were identified as PMNs (22 Fig. 1 . Prostanoid biosynthesis begins with the activation of cytosolic phospholipase A2 (cPLA2) after infection. After liberation from tissue phospholipids, arachidonic acid (AA) is oxygenated by cyclooxygenase enzymes (COX-1 and COX-2), resulting in the formation of prostaglandin H2 (PGH2). Subsequent metabolism by terminal synthase enzymes thromboxane synthase (TXS), prostaglandin F synthase (PGFS), microsomal prostaglandin E2 synthase-1 (mPGES-1), prostaglandin D2 synthase (PGDS), and prostaglandin I2 synthase (PTGIS) converts PGH2 to thromboxane (TXA2), prostaglandin F2␣ (PGF2␣), prostaglandin E2 (PGE2), prostaglandin D2 (PGD2), and prostacyclin (PGI2), respectively. TXB2 and 6-keto-PGF1␣ are stable metabolites of TXA2 and PGI2, respectively. centrifugation, resuspended in ice-cold RPMI 1640, and adhered to 96-well tissue culture plates at a concentration of 10 5 cells/well at 37°C in 5% CO 2 in air. One hour later, the medium was replaced with warm RPMI 1640, and the cells were assessed for phagocytosis and killing of S. pneumoniae.
AM stimulation for prostanoid and cysteinyl leukotriene synthesis. AMs (1 ϫ 10 5 /well) were stimulated with heat-killed S. pneumoniae (HK-S.p) at a multiplicity of infection of 50:1 (HK-S.p:AMs) for 2 h. Cell culture medium was recovered and stored at Ϫ70°C. PGE 2, TXB 2, 6-keto-PGF1␣, and cysteinyl leukotrienes were measured with enzyme immunoassay kits as described above. For cytokine synthesis, AMs (1 ϫ 10 5 /well) were stimulated with 10 g/ml of lipoteichoic acid (LTA) from Staphylococcus aureus (Sigma-Aldrich) for 24 h. Cell culture medium was recovered and stored at Ϫ70°C. IL-6, IL-10, and TNF-␣ were measured by ELISA as described above.
Tetrazolium dye reduction assay of S. pneumoniae killing. The ability of bacteria to survive within AMs was quantified with a tetrazolium dye reduction assay as described elsewhere (31, 32, 37) . In this assay, bacterial growth is determined colorimetrically based on the ability of live bacteria to convert MTT to a purple formazan salt that absorbs light at 595 nm (A 595). Briefly, 10
5 AMs were adhered in duplicate 96-well tissue culture plates for 1 h and cultured overnight with RPMI 1640 and 10% FCS. On the following day, S. pneumoniae was suspended in RMPI 1640 and opsonized with 10% normal rat serum by incubating this suspension on a rotating platform for 30 min at 37°C. The macrophages were then infected with opsonized S. pneumoniae (5 ϫ 10 6 CFUs; multiplicity of infection, 50:1) and incubated for 60 min at 37°C to allow phagocytosis to occur. After 60 min, both plates of macrophages were washed with warmed HBSS to remove unbound bacteria. One plate was transferred to a refrigerator (4°C), and the other plate was incubated for an additional 90 min at 37°C. At the end of 90 min, the medium was removed from each plate and the AMs were lysed with 5% saponin in THB. After 1 min, THB was added to each well and both plates were incubated for 4 h at 37°C to allow the bacteria to grow. At the end of incubation tetrazolium dye (5 mg/ml in RPMI 1640) (Sigma) was added to each well, and this was incubated for 30 min for the development of the purple reduction product. The intensity of the purple color was quantified with a SpectraMax Plus plate reader (Molecular Devices, Sunnyvale, CA) at A595, and this was directly proportional to the number of intracellular bacteria ingested by the AMs (31) . In some of these experiments, AMs were cultured with or without indomethacin (10 M), PGE2 (1 M; Cayman Chemical), the TXA2 receptor (TP receptor) agonist U-46619 (100 nM; Cayman Chemical), the TP receptor antagonist S18886 (100 nM; Cayman Chemical), or the nitric oxide donor S-nitroso N-acetyl-penicillamine (SNAP) (1 M; Cayman Chemical) during the killing assay. Results were expressed as percent killing of ingested bacteria: %killing of ingested bacteria ϭ 100 ϫ [A595 (phagocytosis plate) Ϫ A595 (killing plate)/A595 (phagocytosis plate)].
Fluorometric assay of alveolar macrophage phagocytosis. The ability of AMs to phagocytose S. pneumoniae was assessed with a previously published protocol for determining the ingestion of fluorescent, FITC-labeled bacteria (33) . Briefly, heat-killed S. pneumoniae were labeled with FITC, as previously described ( FITC S. pneumoniae) (5) . A total of 10 5 murine AMs were seeded in replicates of 8 in 384-well tissue culture plates with opaque sides and optically clear bottoms (Costar, Corning Life Sciences). On the following day, FITC S. pneumoniae were opsonized with 10% normal rat serum. AMs were then infected with FITC S. pneumoniae with a multiplicity of infection of 150:1 for 60 min to allow phagocytosis to occur. Trypan blue was added to quench extracellular fluorescence, and the plates were read by a SpectraMax Gemini EM fluorometer 485 ex/535 em (Molecular Devices). The phagocytic index was calculated, as previously described, in relative fluorescence units (5) .
Assessment of AM nitric oxide and reactive oxygen intermediates. AMs were adhered to 96-well plates at a concentration of 10 5 cells/well and cultured for 24 h with DMEM (high glucose; 4.5 g/l) supplemented with 1% sodium pyruvate (Invitrogen) containing 10% FCS and penicillin-streptomycin, with or without 10 g/ml LTA from S. aureus (Sigma-Aldrich) and 100 ng/ml IFN-␥ (R&D Systems). In some of these experiments, AMs were incubated with the live D39 strain of S. pneumoniae for 2.5 h at a multiplicity of infection of 50:1. NO production was determined by measuring stable nitrite concentrations with a modified Griess reaction according to the manufacturer's instructions (Cayman Chemical).
For reactive oxygen intermediates (ROIs), AMs were adhered to 384-well plates at 1.25 ϫ 10 5 cells/well and cultured overnight in RPMI 1640 containing 10% FCS with 1% penicillin-streptomycinamphotericin B (Invitrogen). On the next day, the medium was replaced with PBS containing 10 M 2=,7=-dichlorodihydrofluorescein diacetate, and the cells were cultured for 1 h. The medium was then replaced with warmed HBSS with calcium and magnesium, and the cells were stimulated with heat-killed S. pneumoniae with a multiplicity of infection of 50:1. ROI production was assessed every 30 min for 2.5 h by measuring fluorescence with a SpectraMax Gemini XS fluorometer (Molecular Devices) with excitation/emission setting at 493/522 nm.
Analysis of inducible nitric oxide synthase gene expression. RNA was isolated from AMs cultured with LTA and IFN-␥, as mentioned above, with TRIzol according to the manufacturer's protocol (Invitrogen). Quantitative real-time PCR was performed as previously described (21) to quantify expression of inducible nitric oxide synthase (iNOS), normalizing mRNA levels to GAPDH. Primers for murine iNOS included Forward: 5=-CCCTCCTGATCTTGTGT-TGGA-3= and Reverse: 5=-CAACCCGAGCTCCTGGAA-3=. Primers for murine GAPDH included Forward: 5=-TGCACCACCAACTGCT-TAG-3= and Reverse: 5=-GGATGCAGGGATGATGTTC-3=.
Statistical analyses. Statistical analyses were conducted with Prism 6.0 software (GraphPad Software, La Jolla, CA). Differences in survival were evaluated with a log rank (Mantel-Cox) test. Where appropriate, mean values were compared with a paired Student t-test or a one-way analysis of variance (ANOVA) followed by Bonferroni correction. Differences were considered significant if P Ͻ 0.05. Unless otherwise stated, all experiments were performed on at least three separate occasions. Data are presented as means Ϯ SE unless otherwise noted.
RESULTS
Reduced survival and defective S. pneumoniae clearance in mPGES-1 KO mice. We have previously reported that mice lacking PGE 2 receptors EP2 and EP3 are protected against pneumococcal pneumonia (1, 4) . In contrast, as shown in Fig.  2A , a dramatic difference in survival was apparent by 3 days after infection, with survival of 90% of the WT and only 50% of the mPGES-1 KO mice after infection. Thereafter, progressive mortality occurred in parallel in both groups at all time points; the KO mice exhibited significantly more lethality. Bacterial burdens in the lungs were increased in mPGES-1 KO mice, 1 log higher than in WT mice at 24 h and 1.5 log higher than in WT mice at 48 h after S. pneumoniae infection (Fig.  2B) . Spleen bacterial counts were also greater in mPGES-1 KO mice at 24 and 48 h after infection (Fig. 2B) , suggesting increased dissemination of bacteria from lungs to peripheral blood in mPGES-1 KO mice. Likewise, we also observed higher bacterial burdens in the lungs of mPGES-1 KO mice 24 h after infection with D39 S. pneumoniae serotype (Fig. 2C) . These data suggest that mPGES-1 plays an essential role in host defense against the highly invasive serotype 3 6303 and D39 serotype 2, another representative strain of S. pneumoniae.
No differences in leukocyte recruitment in mPGES-1 KO mice after S. pneumoniae challenge. We previously observed enhanced recruitment of PMNs to the lungs of EP2 KO mice following infection with S. pneumoniae (1) . To determine whether mPGES-1 affects the recruitment of leukocytes to the air space during pneumococcal pneumonia, we recovered leukocytes from the bronchoalveolar lavage fluid (BALF) after infection. As shown in Fig. 3 , we did not observe any differences between WT and KO mice in the number or types of leukocytes recovered at 24 h or 48 h after infection. We also 4 CFUs of the serotype 3 6303 strain of S. pneumoniae, and survival was monitored for 10 days. B: in a separate group of mice, bacterial burdens were quantified in lungs and spleens harvested 24 and 48 h after infection. C: WT and mPGES-1 KO mice were infected with 50,000 CFUs of the D39 serotype 2 strain of S. pneumoniae, and lung and spleen bacterial burdens were assessed 24 h later. Survival curves, representing n ϭ 20 from 4 separate experiments, were evaluated with a log-rank test. *P Ͻ 0.05 comparing WT to KO by Student's t-test. Bars represent means Ϯ SE of n ϭ 5-11 mice per group from 3 separate experiments. assessed blood leukocyte counts after infection with S. pneumoniae but did not find any differences between WT and mPGES-1 KO mice in either total or differential counts (data not shown). These results suggest that the impairment in bacterial clearance observed in mPGES-1 KO mice was not due to differences in leukocyte recruitment to the lungs after infection.
Redistribution of lung prostanoid production in mPGES-1 KO mice after infection and in AMs stimulated in vitro. During bacterial pneumonia, PGE 2 biosynthesis is dramatically increased in the lung (1). As expected, PGE 2 concentrations in lung homogenates of S. pneumoniae-infected mPGES-1 KO mice were dramatically reduced at both 24 and 48 h after infection (Fig. 4A) . Since the substrate for mPGES-1, PGH 2 , can be metabolized by other prostanoid and thromboxane synthase enzymes, we assessed the levels of pulmonary TXB 2 and 6-keto-PGF 1␣ . We observed a modest increase in TXB 2 at 24 h and a nonsignificant increase at 48 h after infection. Similarly, 6-keto-PGF 1␣ concentrations increased slightly in mPGES-1 KO mice compared with WT mice after infection (Fig. 4B ), although these differences were not statistically significant. We observed a similar response, including an 80% reduction in PGE 2 production, increased TXB 2 production, and no differences in 6-keto-PGF 1␣ production, in in vitro S. pneumoniae-challenged AMs obtained from mPGES-1 KO compared with WT mice (Fig. 4C) . We also assessed cysteinyl leukotrienes known to play a protective role in pneumococcal pneumonia but observed no differences in concentrations of this lipid mediator in cell culture media after stimulation of WT and KO AMs in vitro (data not shown). These results demonstrate that PGE 2 production is dramatically reduced and there is a redistribution of substrate resulting in an increased production of alternate prostanoids in AMs and in the lungs of mPGES-1 KO mice during S. pneumoniae infection.
Effects of mPGES-1 deficiency on cytokine production during S. pneumoniae infection. Because PGE 2 inhibits the synthesis of TNF-␣ and other cytokines that play an important role in the innate immune response to bacterial pneumonia (39), we measured cytokine production in lungs of WT and KO mice after infection. There were no differences between WT and KO mice in concentrations of IL-6, IL-10, IL-12 p40, IL-17, MIP-2, or TNF-␣ 24 h after infection (Fig. 5A ). We did observe higher MIP-2 levels in mPGES-1 KO mice compared with WT mice 48 h after infection, but there were no other differences in cytokine concentrations at that time point (Fig.  5B) . After in vitro infection of AMs from WT and KO mice, we detected increased concentrations of TNF-␣ and IL-6 in the supernatants of AMs from KO mice, although these effects were modest in magnitude (Fig. 5C ). IL-10 concentrations in supernatants of infected AMs from WT and KO mice were below the limit of detection (data not shown). Thus the substantial reduction in PGE 2 during pneumococcal pneumonia in mPGES-1 KO mice had very limited effects on cytokine production in vivo and in vitro.
Impaired killing of S. pneumoniae in AMs from mPGES-1 KO mice associated with reduced NO synthesis. The AM plays a critical role in the defense against bacterial colonization of the alveolar space during the early stages of infection, and the ability of these cells to phagocytose and kill bacteria is regulated by prostanoids produced in the lung during bacterial pneumonia (1, 2, 4). Since we have previously observed that COX inhibitors increase while exogenous PGE 2 decreases bacterial phagocytosis in AMs (2, 3, 5), we compared the ability of AMs from WT and mPGES-1 KO mice to phagocytose serum-opsonized, FITC-labeled S. pneumoniae. As shown in Fig. 6A , we observed greater bacterial phagocytosis by AMs from mPGES-1 KO mice than AMs from WT mice. We also examined the bactericidal function of AMs from WT and mPGES-1 KO mice. As shown in Fig. 6B , the ability of AMs from mPGES-1 KO mice to kill ingested S. pneumoniae was substantially impaired. Decreased killing by AMs from KO mice was not restored when AMs were cultured with PGE 2 overnight and during the duration of the killing experiment. To determine whether the impairment in bacterial killing was due to a redistribution of eicosanoids in AMs from mPGES-1 KO mice we cultured cells overnight and during the killing assay with indomethacin, but this did not affect the bactericidal response (Fig. 6B) . Pretreatment of AMs from WT and mPGES-1 KO mice with TP receptor agonist (U-46619) or TP receptor antagonist (S18886) had no effect on bacterial phagocytosis or killing (data not shown). In addition, there were no differences in phagocytosis or killing of S. pneumoniae in PMNs recovered from WT and mPGES-1 KO mice (data not shown).
To assess bactericidal mechanisms in AMs, we measured ROI production in AMs after stimulation with heat-killed S. pneumoniae. Consistent with our previous observation that PGE 2 acutely suppresses ROI synthesis in AMs in vitro (38) , AMs from mPGES-1 KO mice produced higher levels of ROI than AMs from WT mice (Fig. 6C) . Since PGE 2 enhances NO synthesis in AMs (16), we measured NO production by WT and KO AMs after overnight stimulation with LTA and IFN-␥. Nitrite levels were substantially lower in the supernatants of AMs from mPGES-1 KO mice (Fig. 6D) . Consistent with this response, we also assessed NO synthesis in AMs treated with live S. pneumoniae in vitro and observed reduced nitrite synthesis in AMs from mPGES-1 KO mice (1.2 Ϯ 0.01 M vs. 0.68 Ϯ 0.01 M). Pretreatment of AMs from WT or mPGES-1 KO mice with either the TP receptor agonist U-44619 or the antagonist S18886 did not affect NO synthesis. In addition, iNOS mRNA levels were lower in AMs from mPGES-1 KO mice compared with AMs from WT mice after stimulation with LTA and IFN-␥ (Fig. 6E) . In total, these results demonstrate that the impaired killing of ingested S. pneumoniae in AMs from mPGES-1 KO mice was associated with impairment in NO synthesis, a consequence of reduced iNOS expression. NO donor restores killing of S. pneumoniae in AMs from mPGES-1 KO mice. Since we observed an impairment in bacterial killing in AMs from mPGES-1 KO mice that was associated with reduced NO synthesis, we added the NO donor S-nitroso-N-acetyl-penicillamine to cells from KO animals to determine whether this would restore bactericidal function. As shown in Fig. 7 , the addition of exogenous SNAP restored killing of S. pneumoniae serotype 3 (Fig. 7A ) and the D39 strain of S. pneumoniae (Fig. 7B) in AMs from mPGES-1 KO mice. These results provide functional evidence that diminished NO synthesis contributed to the impairment in bacterial killing in AMs from mPGES-1 KO mice.
DISCUSSION
In this study we compared the responses of WT and mPGES-1 KO mice after an intratracheal challenge with the clinically relevant pathogen S. pneumoniae, the most common cause of community-acquired pneumonia. As expected, ablation of mPGES-1 resulted in a dramatic reduction in PGE 2 synthesis in the lungs after infection in vivo and by AMs in vitro. PGE 2 has been shown to suppress innate immune responses against bacterial infection, and blocking the synthesis of all cyclooxygenase products with NSAIDs or blocking EP-mediated intracellular signaling events by using EP-deficient animals and pharmacological receptor antagonists has been reported to improve bacterial clearance in vivo and AM phagocytosis and killing of bacteria in vitro (1, 2, 4, 9, 13, 26, 36, 38, 41) . Likewise, increased production of PGE 2 has also been associated with a suppression of host defense against bacterial pneumonia (6, 21) . These immunosuppressive effects of PGE 2 are thought to play an important role in the resolution of infection and protection of the host from collateral damage caused by an overexuberant inflammatory response. In contrast to these findings, we unexpectedly observed that reduced PGE 2 synthesis in mPGES-1 KO mice was associated with impaired pulmonary host defense against an intratracheal challenge with two different strains of S. pneumoniae. Our observation that mPGES-1 KO mice were more susceptible to pneumococcal pneumonia was similar to the report by Chen et al. (10) , who found that these animals exhibited greater pulmonary M. tuberculosis burdens after infection. In that study, PGE 2 protected macrophages from mitochondrial inner membrane perturbation and necrosis induced by a virulent strain of M. tuberculosis (10) . This response, the induction of mitochondrial permeability transition, led to mitochondrial damage and cellular necrosis and ultimately permitted M. tuberculosis to evade AM-mediated killing. While we did not measure cell death in our studies, it is possible that the observed defects in host defense against S. pneumoniae in AMs from mPGES-1 KO mice were related to necrotic cell death as a consequence of reduced NO synthesis (23) .
In contrast to bacterial and mycobacterial infections, mPGES-1 KO mice and WT mice treated with an mPGES-1 inhibitor produced higher levels of type I IFNs (IFN-␤), which was associated with improved viral clearance and enhanced survival after influenza A infection (11) . PGE 2 also delays T-cell recruitment and the antigen-specific T-cell response in the lungs after influenza A infection (11) . However, there were no differences between WT and mPGES-1 KO mice in viral pathogenesis after infection with mouse adenovirus type 1 (25) . These differences in host defense against different types of infectious agents suggest that PGE 2 plays distinctly different roles in the setting of bacterial, mycobacterial, and viral infections.
Exogenous administration of PGE 2 to cultured AMs inhibits bactericidal functions by enhancing G␣ s protein-mediated increases in cAMP, subsequently activating protein kinase A (PKA) and EPAC and downregulating the respiratory burst, which leads to reduced phagocytosis and bactericidal activity (3, 38) . Genetic ablation and pharmacological inhibition of the EP2 receptor enhances AM bactericidal functions in vitro (1, 6, 26) . Consistent with these results, we observed modestly enhanced phagocytosis and ROI generation in AMs from mPGES-1 KO mice. While ROI production during pneumococcal pneumonia is not required for bacterial clearance, the absence of iNOS diminishes pulmonary bacterial clearance (24) . A mechanism by which PGE 2 mediates increased NO synthesis was previously described by Kim et al. (16) . In that study, endogenous PGE 2 production increased after TLR2 or TLR4 activation, leading to EP2-mediated increases in intracellular cAMP, AKAP10-anchored PKA-I activation, and subsequent induction of iNOS and NO synthesis. Consistent with that mechanism, we found that bacterial killing, iNOS expression, and NO synthesis were reduced in AMs from mPGES-1 KO mice.
As previously described in other contexts (10, 11, 15) , mPGES-1 deletion was associated with a redistribution of prostanoid and thromboxane production after S. pneumoniae infection in vivo and in vitro. The increased production of the stable metabolites TXB 2 and 6-keto-PGF 1␣ likely reflects shunting of the intermediate metabolite, PGH 2 , and subsequent metabolism by TXS and PTGIS, enzymes that are selectively expressed in the lung and in AMs. It is unlikely that elevated levels of TXA 2 or PGI 2 contributed to the observed impairments in host defense in mPGES-1 KO mice, since indomethacin (which would inhibit production of all COX products, preventing overproduction of TXA 2 and PGI 2 ) and the TP receptor antagonist S18886 did not restore bacterial killing in AMs from these animals. This suggests that enhanced production of alternate prostanoids was not likely to be responsible for the observed defect in AM killing. It is worth noting that bone marrow-derived dendritic cells from mPGES-1 KO mice produce more PGD 2 than cells from WT mice (27) . However, we did not assess the levels of PGD 2 in our experiments, since macrophages produce very low levels of this prostanoid, about 30-to 50-fold less than PGE 2 , in response to TLR agonists (10, 15) . Finally, it may be possible that an increase in other eicosanoids or lipoxins resulting from shunting, not inhibited by indomethacin, were responsible for the observed host defense defects in mPGES-1 KO mice (7) .
Exogenous administration of PGE 2 substantially reduces production of TNF-␣ and increases production of IL-6 and IL-10 by AMs stimulated with LPS (16) . In the present study, we observed only modest increases in IL-6 and TNF-␣ production by AMs from mPGES-1 KO mice and very little difference in lung cytokine production in mPGES-1 KO mice despite dramatically less PGE 2 compared with WT mice 7 days after an intranasal challenge with murine adenovirus, suggesting that PGE 2 may play a distinctly different role in the setting of viral infection (25) . In summary, these data provide the first evidence that ablation of mPGES-1 impairs host defense against S. pneumoniae, the most common cause of community-acquired pneumonia. They also suggest that caution should be used as novel pharmacological mPGES-1 inhibitors are developed as treatment for patients with chronic inflammatory conditions. As is the case with S. pneumoniae infection in mPGES-1-deficient mice, selective pharmacological inhibition of PGE 2 synthesis has the potential to make patients more susceptible to bacterial pneumonia.
